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1 Int roduct io n 

An importan t  goa l  o f  a  compute r  aide d 
instructio n syste m i s t o p rov id e s tudent s wi t h 
understandabl e exp lana t i ons .  Genera t in g 
explanat ion s requi re s tha t  th e ins t ruct iona l 
syste m mus t  itsel f  hav e som e unders tandin g o f  th e 
topic ,  prefereabl y c los e t o th e kin d th e s tuden t 
shoul d have .  Ther e i s a  growin g amoun t  o f 
evidenc e tha t  huma n unders tand in g o f  phys ica l 
system s i s base d o n qua l i ta t i v e mode l s o f  thos e 
systems .  Th i s ev idenc e come s fro m psycho log ica l 
studie s [Larkin ,  McDermo t t ,  S imo n &  S imon , 
1980 ,  S tevens ,  Co l l i n s &  G o l d i n ,  1979 ]  an d i s 
suppporte d b y successe s i n ar t i f i c ia l  in te l l igenc e 
i n actuall y const ruct in g sys tem s tha t  reaso n abou t 
physica l  s i tuat ion s us in g qua l i ta t i v e mode l s 

[deKleer ,  1979a ,  Fo rbus ,  1 9 8 0 ] . 

Th e sequenc e o f  event s i n suc h a  s imu la t io n 
depend s o n ho w th e componen t s o f  th e dev ic e ar e 
connecte d together ;  change s i n on e quan t i t y ca n 
af fec t  on l y thos e othe r  quan t i t i e s relate d t o i t 
throug h som e sor t  o f  connec t ion .  T h i s mean s tha t 
comple x dev ice s ca n b e model le d b y speci fy in g ho w 
a se t  o f  componen t  mode l s ar e connecte d together . 
Once cer ta i n assumpt ion s abou t  th e opera t io n o f 
th e dev ic e ar e m a d e ,  th e e f fec t s o f  a  chang e o n 
on e par t  ca n b e foun d b y loca l  p ropaga t io n throug h 
th e componen t  mode l s o f  th e dev i ce .  Th i s i s th e 
essenc e o f  th e Incrementa l  Qua l i ta t i v e (IQ ) 
ana lys i s formal ize d b y deKlee r  fo r  e lec t ron i c 
c i r cu i t s . 
The component models we have used so far are 
ver y s imple .  Space s i n a  dev ic e ar e model le d b y 
chambe rs ,  wi t h por t s an d p ipe s t ransmi t t in g 
p ressur e change s throug h them .  Va lve s ar e 
model le d i n term s o f  change s i n thei r  open ings ; 
when th e valv e openin g increases ,  th e pressur e i n 
th e inpu t  sid e decrease s an d th e pressur e i n th e Conside r  th e fo l lowin g exp lanat io n o f  a n ai r 

operate d pi lo t  va lve . 

As the controlled pressure (discharge 
pressur e fro m th e d iaphrag m contro l  va lve ) 
increases ,  increase d pressur e woul d b e 
applie d t o th e d iaphrag m o f  th e d i rec t 
actin g contro l  p i l o t .  Th e valv e ste m 
woul d b e pushe d dow n an d th e valv e i n th e 
contro l  p i lo t  woul d b e opened ,  thu s 
sendin g a n increase d amoun t  o f  operat in g 
ai r  pressur e fro m th e cont ro l  p i lo t  t o th e 
to p o f  th e d iaphrag m cont ro l  va lve .  Th e 
increase d operat in g ai r  pressur e act in g o n 
th e diaphrag m o f  th e va lv e woul d pus h th e 
ste m dow n an d -  s inc e thi s i s a n upwar d 
seatin g valv e -  thi s act io n woul d ope n th e 
diaphrag m cont ro l  va lv e st i l l  w ide r . 

[Burea u o f  Nava l  Pe rsonne l ,  1 9 7 0 ) ,  p .383 . 
This explanation Is comprised of a set of 
events ,  eac h descr ib in g a  qua l i ta t iv e chang e i n 
some par t  o f  th e dev ice .  Th e exp lanat io n i s 
linearize d an d descr ibe s ho w phys ica l  ef fec t  i s 
passe d fro m on e componen t  t o another .  I t  ignore s 
th e tru e tempora l  changes ;  thos e thing s tha t  ar e 
happenin g ar e happenin g cont inuous l y an d 
simultaneously . 

I f ^ . 

J i . - ^ i 

•> lTillH>Biil>niu. t 

' ^  •  .  jV-.","":"... " 

/• , 

T-
!  U l 

••••''. 1 

-̂ ;  .•.•• • 

Explanat ion s lik e th e on e abov e ar e a n 
importan t  componen t  i n teachin g someon e ho w a 
comple x devic e works .  Th i s pape r  descr ibe s a 
compute r  syste m base d o n deKleer ' s incrementa l 
qual i tat iv e analys i s technique s (deKleer ,  1 9 7 9 b ) , 
tha t  automatical l y genera te s suc h exp lanat ions . 

F IGURE 1  SUCCESSIVE FRAMES O F TH E EXPLANATIO N 
GENERATED FO R A  SPRING-LOADED REDUCING 
VALVE. 

2 A n exampl e explanat io n 

Figur e 1  present s a n explanat io n generate d b y 
ou r  system .  Eac h pane l  o f  th e explanat io n i s 
draw n fro m th e actua l  compute r  d ispla y tha t  a 
studen t  sees .  Success iv e panel s denot e successiv e 
state s o f  th e d isp lay .  Th e devic e descr ibe d i s a 
spring-loade d reducin g va lve ,  a  commo n typ e o f 
contro l  devic e whic h serve s t o suppl y stea m a t  a 
constan t  reduce d pressur e t o a  se t  o f  varyin g 
loads . 
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3 Incrementa l  Qua l i ta t i v e S imula t io n 

The basi c ide a fo r  a  qual i ta t iv e s imulat io n 
comes fro m th e observat io n tha t  whe n tryin g t o 
understan d o r  explai n a  devic e (a s a b o v e ) ,  peopl e 
ofte n us e a  descr ip t io n o f  ho w part s o f  i t  chang e 
when som e inf luenc e i s appl ie d t o th e system .  Th e 
change s i n physica l  quant i t ie s suc h a s pressur e o r 
th e posit io n o f  a  valv e ar e typical l y descr ibe d b y 
usin g th e sig n o f  th e der ivat iv e o f  th e change . 
Thus ,  fo r  a  p ressure ,  th e change s ar e "up" ,  "down " 
oc "constant" . 
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TABLE 1 

1 i 
/ 1 , . 
5*  . 

THE COMPONENT MODELS CURRENTLY 
IMPLEMENTED. 

The convention s are : 
(1 )  <a > == > <b > mean s 

"When <a > i s known ,  se t  <b > t o it" . 
(2 )  <a > = = <b > i s equivalen t  t o 

<a> == > <b > an d <b > == > <a> . 
(3 )  Opposite(value )  mean s 

"I f  value= D the n U ,  els e 
i f  value= U the n D ,  els e value " 
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outpu t  sid e increases ,  an d whe n i t  shuts ,  th e 
opposit e happens .  A  translato r  model s collection s 
of  component s tha t  tur n th e chanq e i n on e typ e o f 
quantit y int o anothe r  (suc h a s th e 
diagphram/spring/valv e ste m combinatio n tha t 
cause s a  chang e i n pressur e t o chang e th e positio n 
of  a  valve) .  Tabl e 1  list s th e componen t  model s 
we hav e implemente d an d thei r  rules . 
The descriptions are expressed in the 
constrain t  languag e CONLAN,  whic h i s describe d i n 

[Forbus ,  1981) .  A  qualitativ e simulatio n o f  a 
devic e i s obtaine d b y simpl y specifyin g a  valu e 
fro m th e I Q algebr a fo r  a  selecte d par t  o f  th e 
devic e (suc h a s th e outpu t  por t  fo r  th e sprin g 
reduce r  valve )  an d runnin g th e constrain t 
interprete r  o n it .  I n thi s syste m th e paramete r 
i s interprete d a s th e controlle d paramete r  o f  th e 
device .  Th e interprete r  deduce s value s fo r  a s 
many o f  th e componen t  quantitie s a s i t  ca n b y 
runnin g th e rule s associate d wit h th e componen t 
models .  I t  record s th e result s o f  thi s 
qualitativ e simulatio n a s a  grap h o f  th e 
quantities ,  connecte d b y th e rule s use d t o deduc e 
them .  Thi s descriptio n o f  th e histor y o f  th e 
simulatio n i s use d a s th e basi s fo r  generatin g a n 
explanation . 
The particular tutorial goal of this system is 
t o explai n feedbac k systems .  Ou r  syste m i s 
capabl e o f  recognizin g an d explainin g instance s o f 
negativ e feedback ,  positiv e feedback ,  stable , 
unstabl e an d open-loo p systems .  Recognitio n o f 
th e stabilit y  an d typ e o f  feedbac k depend s o n tw o 
type s o f  event s tha t  ca n occu r  withi n th e 
constrain t  interpreter :  clashe s an d coincidences . 
A clas h occur s i f  som e rul e trie s t o se t  a 
quantit y t o a  valu e differen t  tha n a  valu e 
obtaine d b y anothe r  means .  A  coincidence  occur s 
i f  a  rul e trie s t o se t  a  quantit y t o th e sam e 
valu e obtaine d b y anothe r  means . 
Negative feedback is indicated by the 
constrain t  interprete r  detectin g a  clas h involvin g 
th e controlle d variable ,  an d positiv e feedbac k b y 
detectin g a  coincidenc e involvin g th e controlle d 
variable .  Th e devic e i s considere d stabl e i f 
makin g th e controlle d paramete r  constan t  result s 
i n a  coincidence ,  an d unstabl e i f  th e resul t  i s  a 
clash .  I f  ther e ar e n o clashe s o r  coincidence s 
th e devic e i s considere d ope n loop .  Obviousl y 
thes e judgement s ar e no t  th e mos t  precis e 
possible ,  bu t  ar e i n lin e wit h th e fidelit y o f  th e 
underlyin g simulation . 

One Por t  Chamber 

Port pressure == Chamber pressure 

Two Port Chamber 

Portl pressure == Port2 pressure 
Port l  pressur e = = Chamber  pressur e 

Three Port Chamber 

Portl pressure == Port2 pressure 
Port 2 pressur e = = Port 3 pressur e 
Port l  pressur e = = Chambe r  pressur e 

Pipe 

Endl pressure == End2 pressure 

Continuous Valve 

If valve open then opening ==> 
inpu t  pressur e dow n 
and outpu t  pressur e u p 

closin g == > 
inpu t  pressur e u p 
and outpu t  pressur e dow n 

els e openin g == > valv e ope n 
(This assumes a non-zero flow) 
Translator 

If invert?=NO then input == output 
els e Opposite(input )  = = outpu t 

4 Generating Explanations 

Whil e th e even t  structur e o f  th e qualitativ e 
simulatio n i s simila r  t o wha t  appear s t o b e 
naturall y use d b y people ,  it s  interna l  for m i s no t 
eas y t o understand .  B y translatin g i t  int o 
Englis h an d usin g graphica l  cue s i t  ca n b e turne d 
int o a  coheren t  explanation .  Thi s i s accomplishe d 
by a  simpl e gramma r  an d templat e schem e whic h 
transform s th e computatio n path s i n th e contrain t 
networ k int o a n interleave d Englis h an d graphica l 
presentation . 
Results of analyzing the simulation are 
handle d i n th e sam e fashion .  A  store d templat e 
provide s a n Englis h explanatio n o f  th e results , 
fille d i n wit h th e phrase s tha t  describ e th e 
particula r  event s i n th e devic e unde r 
consideratio n tha t  le d t o th e conclusions . 
5 Conclusion s 

We hav e demonstrate d tha t  i t  i s  possibl e t o 
generat e coheren t  understandabl e explanation s o f 
th e operatio n o f  physica l  device s fro m a 
qualitativ e simulatio n o f  th e devic e operation . 
The qualitativ e simulatio n an d it s subsequen t 
analysi s ar e ver y general .  Ne w device s ca n easil y 
be adde d b y specifyin g thei r  componen t 
connectivit y an d th e tex t  an d graphic s function s 
fo r  eac h part . 
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The raost  importan t  poin t  i s  tha t  thes e 
technique s mak e possibl e learnin g environment s i n 
whic h student s ca n experimen t  wit h comple x device s 
and se e explanation s o f  th e effect s o f  variou s 
changes .  Thi s include s change s tha t  coul d no t  b e 
made easil y wit h a n actua l  device .  On e coul d eve n 
imagin e constructin g a  "desig n laboratory "  tha t 
enable d student s t o desig n an d experimen t  wit h a 
devic e b y puttin g togethe r  components .  Thi s kin d 
of  learnin g environmen t  coul d enabl e student s t o 
quickl y understan d comple x physica l  system s i n 
ways currentl y possibl e onl y afte r  laboriou s 
study . 
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